This study examined spatial-learning ability of the least shrew, Cryptotis parva, in a complex maze and the effects of senescence on spatial learning and maximal running speeds. This represents the 1st such study on these parameters for soricids. Shrews from 3 age groups, juvenile (20-23 days old), young but sexually mature (50-54 days), and senescent (20 months), were tested in a maze containing 5 blind alleys. The number of blind-alley errors was recorded during a 10-day training period. On the 1st day of training, there was a significant difference in performance between senescent (123.4 errors Ϯ 14.1 SE) and young (68.9 Ϯ 5.8 errors) shrews and between senescent and juvenile shrews (74.3 Ϯ 7.2 errors). During the 10-day period, there was a significant decrease in mean number of errors: from 74.3 to 3.3 for juvenile shrews, 68.9 to 2.4 for young shrews, and 123.4 to 16.6 for senescent shrews. There was no significant difference in decrease in errors between juvenile and young shrews. Young shrews had significantly higher maximal running speeds (15.3 km/h Ϯ 3.2 SE) in a racetrack as compared with senescent shrews (8.8 Ϯ 2.7 km/ h). These results demonstrate for the 1st time that aging impairs running speed and spatiallearning ability in C. parva and that these 2 parameters may be related.
Complex and radial mazes are valuable tools in studies on animal learning because they require animals to perform spatiallearning tasks that have relevance in natural environments (i.e., learning of foraging and escape routes- Kimichi and Terkel 2001; Punzo 1996) and serve as reliable instruments for assessment of short-and longterm memories (Alyan and Jander 1994; Hodges 1996) . In addition, these mazes have been used to assess the effects of aging on learning processes (Gallagher et al. 1993; Wallace et al. 1980) .
The majority of spatial-learning studies on mammals has been conducted on inbred laboratory strains of Mus musculus and Rattus norvegicus (Lavenex and Schenk 1998) . Far fewer studies have been conducted on other species collected from their * Correspondent: fpunzo@ut.edu natural environments (Galea et al. 1996) . For example, complex maze learning has been investigated in Apodemus sylvaticus (Schenk 1987) , Microtus ochrogaster (Gaulin and Fitzgerald 1989) , Peromyscus maniculatus (Galea et al. 1996) , and Sus scrofa (Laughlin and Mendl 2000) .
To our knowledge, no one has investigated spatial-learning ability of shrews. One reason why there are relatively few behavioral studies on shrews is that shrews are often difficult to observe under natural conditions and have proven difficult to rear and maintain in captivity (Blus 1971; Churchfield 1990 ). This is disappointing because soricids occupy an interesting position in mammalian phylogeny. Shrews are among the most ancient of mammals, with some authors suggesting that they are not too far removed in behavior and morphol-ogy from a primitive eutherian progenitor (Innes 1994; Romer 1962) . They most likely 1st evolved soon after the disappearance of dinosaurs and have remained relatively unchanged since then (Yates 1984) . This suggests that the ability of shrews to learn spatial tasks may be related in some way to the ability of reptiles to learn similar tasks. Spatial learning has been demonstrated in a number of reptiles, including learning of complex mazes by lizards (Punzo and Madragon 2002) , locating of food and escape routes by snakes (Holtzman et al. 1999) , and visual discrimination in turtles (Lopez et al. 2001) . These studies suggest that reptiles may use some spatial-learning strategies that closely parallel those described for birds and mammals.
Self-replenishing laboratory colonies of shrews have been reported for only a few species, including Suncus murinus (Dryden 1969) , Blarina brevicauda (Blus 1971) , Suncus etruscus (Fons 1973) , Cryptotis parva (Mock and Conaway 1976) , and Sorex araneus (Churchfield 1990) . We have been successfully rearing the least shrew, C. parva, in the laboratory for Ͼ6 years. This animal is 4-5 g in body mass as an adult, and we have found that it breeds readily in captivity, will tolerate presence of conspecifics, is less hyperactive than other species, and can adjust to experimental manipulations. For these reasons, C. parva may provide the best animal model among shrews for biomedical and behavioral research.
As a result, we conducted experiments to assess spatial-learning ability of C. parva in a complex maze and to analyze the effect of senescence on this behavior as well as on running speed. We studied senescence because we thought that observing the effect of the aging process on behavior in an animal that has a relatively short life span would be particularly informative. It has been shown that senescence is associated with changes in morphology and neurochemistry of the brain (Peters et al. 1994; Punzo 2003) and that these changes can reduce performance of longer-lived mammals on a variety of learning tasks (reviewed by Cotman and Neeper 1996) . We addressed running speed because it is of great importance to small cursorial animals in determining their ability to escape from predators and to capture fast-moving prey Huey 1982; Punzo 2000) . Furthermore, locomotor activity has been recently shown to affect spatial-learning ability in murid rodents (van Praag et al. 1999) . Our hypothesis was that aging would impair locomotor activity and learning ability in this species.
MATERIALS AND METHODS
Subjects, housing, and management.-We used rearing procedures for C. parva that were similar to those reported by Mock and Conaway (1976) . All animal housing and handling procedures followed the University of Tampa guidelines for animal care (AC-201). A breeding colony was initiated with 40 adult males and 73 adult females originally collected from several localities separated by 10-14 km in Leon County, Florida, during May-July 1998. This ensured that test subjects were not closely related to one another and eliminated problems associated with pseudoreplication. Shrews were collected using pitfall trap arrays, as described by Handley and Varn (1994) . Briefly, traps consisted of plastic buckets (20 cm deep and 12 cm in diameter). One 4-liter plastic bucket was placed at the center of each array. Pitfalls were placed in triangular arrays of 7 traps arranged in a cloverleaf pattern with 120Њ between the arms. Aluminum siding drift fences (25 cm high) converged on the center trap.
Shrews were maintained in a room controlled for temperature (21-23ЊC), humidity (60-65% relative humidity), and photoperiod (14L:10D). Pairs of males and females were initially housed in plastic rodent cages (40 by 30 by 25 cm) containing dry loam soil as a substrate. Each cage contained a licking tube water bottle and an opaque plastic nest box (17 by 12 by 10 cm) containing dry grass and cotton wadding. Shrews were fed twice per day on 2.0-2.3 g of diet consisting of one-third Ralston mink chow (Ralston Purina, St. Louis, Missouri), one-third chopped beef heart, and one-third ground earthworms (Lumbricus terrestris). Nest box and sub- strate materials were removed and replaced with clean materials 3 times per week.
Males were removed from cages before females gave birth. Litters (size: X ϭ 4.24, SE ϭ 0.56, n ϭ 187) were separated from their mothers at 18-21 days of age and held in separate cages as sibling groups until sex could be determined. We used the procedure described by Mock and Conaway (1976) to sex shrews. Direct handling was kept to a minimum, and they were always moved from one cage to another in small plastic containers to minimize stress.
To determine length of gestation, we recorded the time from 1st observed copulation to parturition for 45 females. Gestation for C. parva from our colonies was 21-22 days; this is in agreement with the data reported by Hamilton (1949) and Mock and Conaway (1976) . To determine the age at sexual maturity, we paired shrews from 19 to 25 days of age with sexually mature conspecifics and recorded date of their 1st litter. The earliest age at which a male sired a litter in our colony averaged 34.2 days Ϯ 2.8 SE (range, 34-36 days). Life span of shrews in our colony ranged from 17 to 27 months (X ϭ 22.2 months, SE ϭ 0.61). Mean life expectancy for 77% of the shrews reared through weaning and dying of natural causes was 8.4 months (Ϯ1.2 SE; n ϭ 166), with no significant difference between males and females.
Spatial learning.-All animals used in spatial-learning experiments were housed individually in similar cages for 72 h before testing and thereafter until the end of the experiment. Three groups of shrews were randomly selected and tested in a complex maze ( Fig. 1 ) to assess spatial-learning ability. Based on data for sexual maturity and longevity from our colonies, we divided shrews into 3 groups: juveniles (20-23 days old; Ͻ3.5 g), young but sexually mature adults (50-54 days; 3.7-4.2 g), and senescent shrews (20 months; 4.5-4.7 g). Each group contained 10 animals. Pilot studies showed that males had a tendency to leave the starting box more readily than females. As a result, all learning trials were conducted with males. Age-class designations for juvenile males were based on age records and body mass as described above. To provide a level of motivation for learning, all shrews were deprived of food for 8 h before testing. We had previously determined that regularly fed individuals of C. parva can reliably survive for 19-23 h without food (F. Punzo, in litt.).
The complex maze used in this study contained 5 blind runways (Fig. 1, 1-5 ) and has been used in learning studies with a variety of animals including rats (Goodrick 1973) , mice (Gallistel 1990) , and spiders (Punzo 1988) . The goal box (Fig. 1, G) was covered with a translucent top and contained a feeding dish that could hold a food item as reinforcement. It also contained a sliding plastic panel that was used to close the entrance to the goal box and prevent the shrew from returning to the body of the maze. The starting box (Fig. 1, S) contained a sliding panel on the side facing the entrance to the maze that could be opened to allow entry into the maze. An opening on a side opposite the entrance received the end of a cylindrical plastic tube (10 cm long and 5 cm in diameter) containing an opening at one end and a movable plunger at the other. To avoid direct handling and to minimize stress, individual shrews were gently coaxed from the floor of their cages into the open end of the tube, using a padded wooden dowel. The open end of the tube was then fitted into the opening in the starting box of the maze.
At the start of each trial, the stopper was removed from the end of the tube and the plunger depressed, forcing the shrew into the starting box. After a 5-min habituation period, the panel on the starting box was lifted, allowing the shrew to enter the maze. We recorded number of errors made by each subject as it moved through the maze, an index of learning frequently used in maze-learning protocols (Gallistel 1990 ). An error was recorded if the entire body of a shrew (excluding the tail) entered a blind alley (Goodrick 1973; Punzo and Ludwig 2002) . The sliding panel was closed when the shrew entered the goal box. The food dish contained a small mealworm (5-6 mm long) as positive reinforcement. The shrew was allowed to remain in the goal box for 5 min and was then transferred to a carrying tube that was once again fitted into the opening of the starting box for the next trial. Based on learning studies with murid rodents (Gallagher et al. 1993; Hodges 1996; Lavenex and Schenk 1998) , we used a 10-min intertrial interval between trials. A trial was considered terminated when a shrew entered the goal box or after 20 min. The runways of the maze, as well as the starting and goal boxes, were cleaned with a sponge dampened with soap and water after each trial to remove odor cues (Wallace et al. 1980) . Shrews were subjected to 10 learning trials/day during a 10-day period. Number of blind-alley errors was averaged over the 10 trials for each day for each shrew. Data were analyzed using a repeated-measures analysis of variance, with age as the between-subject variable and days as the repeated measure (Goodrick 1984) , and a Scheffé F-test was used for age-group comparisons (Brattstrom 1990 ). All statistical analyses were conducted as described by Sokal and Rohlf (1995) .
Running speed.-Tests on running speed were conducted on 3 groups, juveniles, young but sexually mature, and senescent shrews (defined as above), to assess effect of aging on locomotor activity. Each group consisted of 14 males selected at random from our breeding colony. Because it has been shown that food deprivation enhances exploratory behavior and locomotor activity of small mammals (Goodrick 1984) , shrews were deprived of food for 8 h before testing. Maximal running speeds were determined by timing shrews as they ran along a rectangular racetrack with photocell timers controlled by a microprocessor as described elsewhere (Huey et al. 1981) . The racetrack was 2 m long and 10 cm wide and constructed of plywood, with walls 15 cm high. Starting at the beginning of the track, 9 sets of vertically aligned photocells were placed at 0.1-m intervals along the base of the floor to allow for determining running speed. The floor was covered with artificial turf (Turfco, Deland, Florida) for traction. The end of the track contained a darkened box that provided a refuge into which subjects ran. This apparatus has been used in determining running speeds in numerous small cursorial animals including lizards (Huey 1982) and mammals (Djawdan and Garland 1988) .
To habituate shrews to the apparatus, each shrew was chased slowly back and forth along the track 4-5 times before actual testing began, as described by Garland et al. (1988) . At the start of each trial, 1 shrew was placed at the beginning of the track and coaxed to run by gently prodding it with a padded wooden dowel. After each trial, the animal was returned to the starting area in the same type of carrying tube that was used in maze experiments. Multiple trials (4-7) were run for each shrew until no increase in speed was observed for subsequent trials. The fastest time was defined as maximal running speed (Huey 1982) . The mean maximal running speeds for age groups were compared using a t-test ).
RESULTS
All shrews adapted readily to conditions in the starting box and main body of the maze and located and entered the goal box. Shrews from all age groups did not linger within the starting box after its sliding panel was lifted but moved rapidly into the main body of the maze and explored it (range, 9-15 s). While exploring, all subjects frequently touched the maze floor with the tip of their snouts and moved snouts back and forth in the air. None of the shrews emitted any audible sounds while running the maze. All but 2 of the 30 shrews grasped and ate the mealworm within 6-12 s after entering the goal box.
All shrews showed a significant decrease in number of errors during the 10-day training period (Table 1 ; F ϭ 25.67, d.f. ϭ 2, 27, P ϭ 0.001). Interaction of age group and days was not significant (P ϭ 0.50). There was no significant difference in overall performance between juvenile and young shrews (P ϭ 0.70); however, there was a significant difference between senescent and young shrews (F ϭ 16.1, P ϭ 0.01) and between senescent and juvenile shrews (F ϭ 13.8, P ϭ 0.01). Even on the 1st day of training, senescent shrews made significantly more errors than juvenile (t ϭ 3.41, P ϭ 0.01) or young (t ϭ 3. 34, P ϭ 0.01) shrews. Maximal running speed was significantly higher in young shrews (X ϭ 15.3 km/h, SE ϭ 3.2, range ϭ 13.2-16.9 km/h) than in senescent shrews (X ϭ 8.8 km/h, SE ϭ 2.7, range ϭ 7.2-9.3 km/h; t ϭ 3.13, d.f. ϭ 13, P ϭ 0.01). There was no significant difference in running speed between young and juvenile shrews (X ϭ 14.9 km/h, SE ϭ 1.7, range ϭ 13.6-16.5 km/h; P ϭ 0.50).
DISCUSSION
To our knowledge, this is the 1st demonstration of complex maze learning in shrews. All individuals adapted readily to conditions within the maze, and their high level of locomotor activity facilitated their entrance into the main body of the maze for exploration. Maze-learning experiments are best suited for animals that exhibit high levels of locomotor activity (Brattstrom 1990; Punzo 2002) ; in this sense, C. parva is an excellent model. It has been argued that spatial-learning tasks, as exemplified by complex mazes, represent ecologically relevant tasks for cursorial animals (Burghardt 1977; Davey 1989) . Results of this study indicate that males of C. parva have the ability to learn this type of spatial task. Their performance is comparable with results reported for rats and mice in similar mazes (Gallistel 1990; Thorpe 1963) . In a maze of this kind, most investigators have used a learning criterion of 3 consecutive trials of 5 errors or less (Gallistel 1990; Punzo and Ludwig 2002) . Our results indicate that juvenile and young shrews met this criterion, but senescent shrews did not, even though their performance in the maze improved with time.
The energetic costs associated with finding food, mates, or escape routes can be reduced if more efficient routes can be learned through experience (Able 1991; Punzo 2002 ). This in turn would allow an animal to invest more energy in reproduction and reduce the probability of encounters with predators, resulting in an overall increase in fitness (Davey 1989; Gormezano and Wasserman 1992; Kimichi and Terkel 2001; Papaj and Lewis 1993; Tillé et al. 1996) . Most shrews are known to locate their food primarily by foraging on the ground (or just beneath the surface) in a thorough fashion, using olfactory and tactile cues to detect a variety of invertebrates (Churchfield 1994; Crowcroft 1954) . They are also known to use various types of runways shaped under grass and surface debris as they move toward and away from their nests (Churchfield 1990; Genoways and Choate 1998) . The ability to associate specific locations and topographical features in microhabitats, where prey may be more abundant under certain predictable conditions, and to learn more efficient routes to reach these locations would represent an obvious advantage for any animal. Most shrews that occur on or near the surface of the ground have stable home ranges that they inhabit for most of their lives (Churchfield 1994) and would therefore have ample opportunity to become progressively familiar with landmarks in their environments as a result of experience. In addition, spatial memory has been shown to be important in animals that hoard their food in specific locations, including muroid rodents (Jones et al. 1990 ) and numerous species of birds (Bednekoff and Balda 1997) . Although the extent to which shrews hoard immobilized prey under natural conditions is not known (Churchfield 1990) , it has been reported that several species will hoard prey and plant material when given large amounts of food under captive conditions (Genoways and Choate 1998; Martin 1984) .
The maximal life span reported for C. parva in captivity is quite variable and can range from 8 to 27 months (Conaway 1958; Mock and Conaway 1976) . In this study, senescent shrews (20 months old) made significantly more errors while learning the maze. An impairment with aging in spatial-learning abilities and other types of cognitive decline have been demonstrated in rodents (Gallagher et al. 1993; Goodrick 1973; Tees 1999) as well as in mammals with greater longevity, including nonhuman primates (Holson et al. 1991; Rapp and Amaral 1992) and humans (Huppert and Wilcock 1997) . Indeed, maze-learning tasks have been shown to be particularly sensitive to age-related learning impairment (Gallagher et al. 1993) , suggesting that specific brain regions associated with learning and memory (hippocampus and temporal and frontal lobes) are more susceptible to the aging process. Learning impairment may also be related to age-dependent breakdown in a combination of various homeostatic processes, including immunological deficiences, neurological and cerebrovascular degeneration, reduced neurotransmitter synthesis, and altered biochemical pathways (see review by Young 1997) .
This experiment also provides the 1st report of sprint performance in shrews. The maximal running speeds of young C. parva (range, 13.2-16.9 km/h) in a racetrack are similar to those reported by Djawdan and Garland (1988) for the bipedal kangaroo rats, Dipodomys deserti (12-18.3 km/h) and D. ordii (12.7-15.3 km/h), as well as for quadrapedal rodents, including P. maniculatus (12.1-15.9 km/h) and P. truei (14.2-14.4 km/h). They are somewhat higher than speeds exhibited by a number of quadrapedal rodents, including Onychomys torridus (9-11.3 km/h) and Perognathus longimembris (8.7-11.2 km/h). Thus, despite their diminutive size, these shrews exhibit running speeds comparable with larger cursorial rodents that are able to use rapid locomotion to escape predators and capture fast-moving prey .
Maximal running speeds decreased with age in C. parva. This is not surprising in view of the well-documented decline in functioning of motor synapses reported for many animals (see review by Larsson and Ansved 1995) . Reduced locomotor performance may make older shrews more vulnerable to predation by ground-hunting predators and by avian predators to a lesser extent. Shrews have been found in stomach contents of rats, weasels, foxes, domestic and feral house cats, owls, hawks, and snakes (Churchfield 1990; Genoways and Choate 1998 ).
These results demonstrate that running speed and spatial-learning ability decline with age in C. parva. This is interesting in light of a recent study on mice by van Praag et al. (1999) , which reported that locomotor activities such as running stimulated neurogenesis in the brain and improved performance in a spatial-learning task (water maze). This suggests that certain kinds of physical activity may mediate neurogenesis and synaptic plasticity in the central nervous system, which in turn enhances the learning process.
In conclusion, results of these experi-ments demonstrate that C. parva can be used successfully in behavioral experiments. Behavioral research on shrews in captivity has been avoided in many cases because of perceived difficulties associated with maintenance, breeding, and survivorship. The same attributes that may make them difficult to work with and maintain in the laboratory (high metabolic rates, voracious appetites, and high levels of locomotor activity) also add to their interest as subjects for the study of behavioral plasticity, foraging strategies, and life-history traits. Our work indicates that C. parva can be readily maintained and bred in captivity, is less hyperactive, and will tolerate handling and readily adapt to a variety of experimental conditions. This should encourage others to investigate additional behavioral and physiological parameters in this species, so that we may gain additional insights into this ancient and interesting group of mammals.
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